Introduction
============

Gastric cancer is the fourth most common cause of cancer-associated mortality worldwide and accounts for \~10% of the annual incidences of cancer-associated mortality ([@b1-ol-0-0-8467],[@b2-ol-0-0-8467]). Almost two-thirds gastric cancer cases occur in less developed regions ([@b3-ol-0-0-8467]). Research has been performed to improve the clinical outcomes of gastric cancer; this has included improvement in large-scale nationwide screening processes, radical surgery, chemotherapy and radiation therapy ([@b4-ol-0-0-8467]--[@b6-ol-0-0-8467]). Despite medical progress, Eastern Asia has the highest gastric cancer mortality rate worldwide ([@b7-ol-0-0-8467]). The primary cause of mortality due to gastric cancer is metastasis, which is often resistant to conventional therapy ([@b8-ol-0-0-8467]). Peritoneal metastasis is one of the main causes of gastric cancer progression and accounts for the majority of gastric cancer-induced mortalities ([@b9-ol-0-0-8467]). Therefore, the development of novel strategies to prevent the peritoneal metastasis of gastric cancer is required.

Members of the phosphatase of regenerating liver (PRL) protein family have been associated with numerous cancer types ([@b10-ol-0-0-8467],[@b11-ol-0-0-8467]), and PRL-3 has been identified as a potentially critical biomarker of gastric cancer ([@b12-ol-0-0-8467]). A previous study demonstrated that PRL-3 expression was significantly increased in primary gastric cancer with peritoneal metastasis compared with the corresponding primary gastric cancer without metastasis ([@b13-ol-0-0-8467]). Additionally, PRL-3 has been demonstrated to induce the proliferation, invasion, migration, tumorigenesis and metastasis of malignant neoplasms ([@b14-ol-0-0-8467],[@b15-ol-0-0-8467]), including gastric cancer ([@b16-ol-0-0-8467]).

The mechanisms by which PRL-3 promotes the motility, metastasis and invasion of gastric cancer cells are not fully understood. Dysregulated phosphatidylinositol 3-kinase (PI3K)/RAC serine/threonine-protein kinase (AKT) signaling has been demonstrated to cause abnormal cell growth and cellular transformation in malignant neoplasms, including gastric cancer ([@b17-ol-0-0-8467]--[@b19-ol-0-0-8467]). PRL-3 regulates PTEN expression and signals through PI3K/AKT to promote the epithelial-mesenchymal transition ([@b20-ol-0-0-8467]). Furthermore, PRL-3 has been demonstrated to promote the peritoneal metastasis of gastric cancer through PI3K/AKT signaling *in vitro* ([@b21-ol-0-0-8467]). However, these results have not been confirmed at a whole-animal level. To analyze the *in vivo* roles of PRL-3 and PI3K/AKT signaling, a nude mouse model of peritoneal metastasis was established and treated with LY294002 (LY), a potent and specific PI3K inhibitor ([@b22-ol-0-0-8467]), to test whether inhibition of the PI3K/AKT signaling pathway prevents PRL-3-mediated progression of tumorigenesis *in vivo*.

Materials and methods
=====================

### Cell lines and animals

The human gastric adenocarcinoma cancer SGC7901 cell line was purchased from the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM (Biological Industries, Kibbutz Beit-Haemek, Israel) supplemented with 10% fetal bovine serum (FBS; Shanghai Li Rui Biological Technology Co., Ltd., Shanghai, China) and penicillin/streptomycin, and maintained in a humidified atmosphere with 5% CO~2~ at 37°C. Specific pathogen-free male BALB/c-nu mice (n=24, 5 weeks old, weighing 16--17 g) were purchased from the Hunan Slack King of Laboratory Animal Co., Ltd. (Changsha, China) \[Production permit no. SCXK (XIANG) 2013-0004\]. All mice were housed in the same environment (room temperature was maintained at 26±2°C, relative humidity was kept between 40 and 60%, and the light regimen was a 12/12-h dark: light cycle) and allowed free access to water and food. Animal experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the present study was approved by the Ethics Committee of Nanchang University (Nanchang, China).

### Cell proliferation analysis

To analyze SGC7901 cell proliferation, a Cell Counting kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan), according to the manufacturer\'s instructions. SGC7901 cells were plated into 96-well plates and incubated for 24 h with different concentrations of LY294002 (0, 5, 10, 20 or 40 µM; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Following a 24-h incubation at 37°C in 5% CO~2~, 10 µl CCK-8 was added to each well, and incubated for 4 h at 37°C. The absorbance values were detected at 450 nm using an enzyme-labeled instrument (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

### Generating a stable EGFP-PRL-3/SGC7901 cell line

EGFP-PRL-3 plasmid construction was performed as previously described ([@b21-ol-0-0-8467]). The EGFP-PRL-3 vector was transfected into SGC7901 cells using the Lipofectamine^®^ 2000 reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol.

### Western blot analysis

Total protein extraction and bicinchoninic acid protein assay kits were purchased from Nanjing KeyGen Biotech Co., Ltd. (Nanjing, China). Polyvinylidene difluoride membranes were purchased from Merck KGaA. Antibodies against PRL-3 (ab50276; 1:400), AKT (ab8805; 1:500), p-AKT S473 (ab81283; 1:1,000), MMP-2 (ab97779; 1:1,000) and MMP-9 (ab137867; 1:1,000) were purchased from Abcam (Cambridge, UK). The antibody for β-actin (60008-1-Ig; 1:5,000) was purchased from Wuhan Sanying Biotechnology (Wuhan, China). These antibodies were used in the present study was described previously ([@b23-ol-0-0-8467]--[@b26-ol-0-0-8467]). Membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (ab6721; 1:3,000) or goat anti-mouse secondary antibody (Wuhan Sanying Biotechnology; SA00012-6; 1:2,000) and the western blotting protocol were performed as previously described ([@b21-ol-0-0-8467]). Reactive protein was detected by an enhanced chemiluminescence kit (EMD Millipore, Billerica, MA, USA). Band intensity was quantified by using the Quantity One image analysis software version 4.62 (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Cell migration and invasion assays

The migratory and invasive abilities of SGC7901 cells transfected with PRL-3/LY (LY294002) or empty control vector/LY were determined using a Transwell assay. A total of 1.0×10^5^ cells in serum-free DMEM medium were seeded in the upper chamber of an 8-µm pore, 6.5-mm polycarbonate filter (Corning Incorporated, Corning, NY, USA) for cell migration. For cell invasion, the upper chamber was coated with 20 µg Matrigel and the following protocols were the same as those for cell migration. DMEM containing 10% FBS was added to the lower chamber. The following steps were performed as previously described ([@b21-ol-0-0-8467]). All assays were independently repeated ≥3 times. Cells in five microscopic fields (magnification, ×200) were counted and photographed. Each assay was done at least in triplicate. Images were captured using a fluorescence microscope (Olympus Corporation, Tokyo, Japan).

### Nude mouse peritoneal metastasis model

Specific pathogen-free grade male BALB/c nude mice (n=24, 5 weeks old, weighing 16--17 g) were housed in the Laboratory Animal Center of the First Affiliated Hospital of Nanchang University (Nanchang, Jiangxi, China). The 5-week old nude mice were randomly separated into 4 groups of 6. SGC7901/PRL-3/dimethyl sulfoxide (DMSO, SGC7901/PRL-3/LY294002 and SGC7901/vector/DMSO cells were injected into the abdominal cavity at 2.0×10^7^ cells/mouse. The control group contained nude mice injected with an equivalent volume of phosphate buffered saline. After 1 week, twice-weekly intraperitoneal injections of 50 mg/kg LY294002 were performed, as described previously ([@b27-ol-0-0-8467]), for 4 weeks. The mice were then sacrificed by cervical dislocation and the peritoneal cavity was opened for visual inspection and photography.

### Statistical analysis

Statistical analyses were performed using SPSS 19.0 software (IBM Corp., Armonk, NY, USA) and GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA). All data are presented as the mean ± standard deviation. The χ^2^ test was used to analyze the relationship between the expression levels of PRL-3. Differences between control and experiment groups were analyzed using a one-way analysis of variance test followed by least significance difference post-hoc test. Each experiment was repeated ≥3 times. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### LY294002-mediated PI3K/AKT inhibition decreases SGC7901 cell proliferation

A CCK-8 assay was used to assess effect of LY294002-mediated inhibition of PI3K/AKT activity on SGC7901 cell proliferation. When SGC7901 cells were cultured in medium containing 0, 5, 10, 20 or 40 µM LY294002 for 24 h, the rate of cell proliferation decreased in a dose-dependent manner ([Fig. 1](#f1-ol-0-0-8467){ref-type="fig"}). Treatment with ≥10 µM LY294002 reduced the rate of cell proliferation to ≤80%. Therefore, a dosage of 10 µM LY294002 was selected for use in subsequent experiments.

### LY294002 inhibits the expression of p-AKT (Ser473), MMP-2 and MMP-9 proteins in pEGFP-PRL-3-SGC7901 cells

To investigate the association between PRL-3 and p-AKT levels in the SGC7901/PRL-3 and LY/SGC7901/PRL-3 treatment groups, western blotting was performed to determine the protein levels of PRL-3, AKT and p-AKT ([Fig. 2A](#f2-ol-0-0-8467){ref-type="fig"}). MMPs, including MMP-2 and MMP-9, can promote cells to migrate through the basement membrane ([@b28-ol-0-0-8467]). To dissect the function and gelatinolytic activities of MMP-2 and MMP-9 in PRL-3-promoted cell invasion, the protein expression of MMP-2 and MMP-9 in the LY/SGC7901/PRL-3 and DMSO/SGC7901/PRL-3 treatment groups was analyzed by western blotting ([Fig. 2B](#f2-ol-0-0-8467){ref-type="fig"}). The levels of p-AKT, MMP-2 and MMP-9 protein in the LY/SGC7901/PRL-3 treatment group were significantly lower than those in control groups ([Fig. 2D-F](#f2-ol-0-0-8467){ref-type="fig"}). Taken together, these results indicated that PRL-3 may upregulate MMP-2 and MMP-9 expression via the PI3K/AKT pathway.

### Migration and invasion abilities conferred by PRL-3 are reduced by LY249002

Transwell assays were performed to assess cell migratory and invasive capabilities. Compared with the control groups, the cells in the lower Transwell chamber were significantly decreased in the SGC7901/LY249002 group compared with controls ([Fig. 3A and B](#f3-ol-0-0-8467){ref-type="fig"}). Taken together, these results demonstrated that LY294002 inhibited PRL-3-conferred invasive and migratory abilities of SGC7901 cells ([Fig. 3C and D](#f3-ol-0-0-8467){ref-type="fig"}), indicating that PRL-3 is involved in cell migration and invasion via the PI3K/AKT signaling pathway *in vitro*.

### PRL-3 promotes peritoneal spreading via PI3K/AKT signaling in vivo

The *in vivo* effects of PRL-3 overexpression on peritoneal spreading and metastasis via the PI3K/AKT pathway were investigated in the present study. SGC7901/PRL-3, SGC7901/PRL-3/LY294002 and SGC7901/Vector cells were injected into the abdomens of nude mice. Extensive peritoneal spread was observed in all three groups ([Fig. 4A](#f4-ol-0-0-8467){ref-type="fig"}). Differences in the total number of metastatic nodules on the peritoneal surface were not statistically significant ([Fig. 4B](#f4-ol-0-0-8467){ref-type="fig"}). However, the number of metastatic nodules exceeding 1.0 mm^3^ in size significantly differed between treatment groups (P\<0.05; [Fig. 4C](#f4-ol-0-0-8467){ref-type="fig"}). These results are consistent with those previously reported ([@b27-ol-0-0-8467],[@b29-ol-0-0-8467]), and indicate that the PI3K inhibitor effectively suppresses PRL-3-mediated invasion in this peritoneal metastasis model.

Discussion
==========

The current gastric cancer drugs are designed to inhibit or alter PI3K/AKT signaling to prevent metastasis ([@b30-ol-0-0-8467]--[@b32-ol-0-0-8467]). PRL-3 is a regulator of the PI3K/AKT signaling pathway ([@b20-ol-0-0-8467]). To a certain extent, blocking the PI3K/AKT pathway influences the tumorigenic effects of PRL-3 ([@b21-ol-0-0-8467]). The present study aimed to confirm this at a whole-animal level. LY294002 effectively inhibits the growth of a variety of tumor cells *in vitro* and *in vivo* through the inhibition of the PI3K/AKT pathway ([@b33-ol-0-0-8467]--[@b35-ol-0-0-8467]). Therefore, in the case of peritoneal metastasis, it is possible that LY294002 treatment had a negative effect on PRL-3-mediated tumorigenesis.

Peritoneal metastasis accounts for the majority of incidences of gastric cancer-associated mortality ([@b9-ol-0-0-8467]). Previous *in vitro* results have demonstrated that PRL-3 is involved in peritoneal metastasis via the PI3K/AKT signaling pathway ([@b21-ol-0-0-8467]). The growth of malignant tumors is the result of interactions between tumor cells and the local microenvironment, which is affected by a variety of cytokines and other complex factors that influence *in vivo* growth ([@b36-ol-0-0-8467]). Therefore, *in vitro* experiments do not reliably reflect the *in vivo* environmental context. To determine whether PRL-3 can influence tumor growth via the PI3K/AKT pathway *in vivo*, a mouse model of gastric cancer peritoneal metastasis was established. Significant differences between the number of metastatic nodules on the peritoneal surface \>1 mm^3^ were observed between the PRL-3/DMSO and PRL-3/LY groups. This is likely to be due to the fact that the growth of solid tumors \>1 mm^3^ is dependent on specific oncogenes ([@b37-ol-0-0-8467]). Furthermore, it was indicated that PI3K inhibition might prevent PRL-3-mediated peritoneal metastasis. However, treatment with LY294002 did not completely inhibit tumor growth. Therefore, it is possible that the PI3K/AKT signaling pathway was only partially inhibited by LY294002 treatment, which represent a limitation of the present study. Other pathways may also be involved in this process, which may function similarly to the PI3K/AKT pathway. This speculation requires further investigation.

Invasion and metastasis are key steps in tumor development. MMPs serve notable roles in tumor cell migration, metastasis and invasion ([@b38-ol-0-0-8467],[@b39-ol-0-0-8467]). Additionally, the expression of MMPs increase when the PI3K/AKT pathway is activated ([@b40-ol-0-0-8467]--[@b42-ol-0-0-8467]). MMP-2 and MMP-9 are closely associated with the lymphatic metastasis of gastric cancer ([@b43-ol-0-0-8467]). In the present study, a significant difference in the level of MMP-2 and MMP-9 expression was identified between transfected gastric tumor cells treated with LY249002 and control (P\<0.05). This result indicates that the LY249002-mediated inhibition of MMP-2, MMP-9 and p-AKT expression occurred via PRL-3. These results indicated that LY249002 has the potential to inhibit PRL-3-mediated invasion and metastasis *in vitro* and *in vivo*.

Targeted therapies provide the most efficacious and selective treatment to suppress tumor development ([@b44-ol-0-0-8467]). The present study demonstrated that PRL-3 promoted the peritoneal metastasis of gastric cancer via the PI3K/AKT pathway *in vivo* and *in vitro*. These results may provide a novel candidate for gene-targeted therapy, and are likely to translate into improved strategies for the treatment of gastric cancer.
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![SGC7901 cell proliferation with and without LY294002 treatment. Each plot represents the mean ± standard deviation of 3 independent experiments. \*P\<0.05, \*\*P\<0.001 vs. the control group.](ol-15-06-9069-g00){#f1-ol-0-0-8467}

![p-AKT, MMP-2 and MMP-9 are involved in PRL-3-mediated invasion and migration of gastric cancer cells. (A) Levels of PRL-3, AKT and p-AKT were analyzed in SGC7901 cells (control), SGC7901 cells transfected with empty vector, and plasmid SGC7901/EGFP-PRL-3 cells (high) by western blotting. (B) The expression of MMP-2 and MMP-9 were also analyzed by western blotting. (C) The relative expression of PRL-3 was quantified relative to β-actin. (D) The ratio of p-AKT/AKT was quantified relative to the control group. (E) The expression of MMP-2 was quantified relative to β-actin. (F) The expression of MMP-9 was quantified relative to β-actin. Each bar represents the mean ± standard deviation of 3 independent experiments. \*P\<0.05 vs. the control group. p-AKT, phosphorylated-RAC serine/threonine-protein kinase; MMP-2, matrix metallopeptidase-2; MMP-9, matrix metallopeptidase-9; PRL-3, phosphatase of regenerating liver-3; DMSO, dimethyl sulfoxide.](ol-15-06-9069-g01){#f2-ol-0-0-8467}

![The PI3K/AKT pathway is involved in the PRL-3-mediated invasion and migration of gastric cancer. (A) Migration and (B) invasion were analyzed by Transwell assays. Quantification of (C) migration and (D) invasion prior to and following the addition of LY294002. Each histogram bar indicates the number of stained cells. The experiments were independently repeated ≥3 times. Magnification, ×200. \*P\<0.05 vs. the control group. Control, SGC7901 cells; vector, SGC7901 cells transfected with control empty vector; high, plasmid SGC7901/EGFP-PRL-3 cells. PI3K, phosphatidylinositol 3-kinase; AKT, RAC serine/threonine-protein kinase; PRL-3, phosphatase of regenerating liver-3; DMSO, dimethyl sulfoxide.](ol-15-06-9069-g02){#f3-ol-0-0-8467}

![PRL-3 promotes peritoneal spreading via the PI3K/AKT signaling pathway *in vivo*. (A) Representative peritoneal dissemination of SGC7901 cells in LY294002-treated mice. Mice were sacrificed 4 weeks post-injection and the peritoneum was observed. (B) The total number of metastatic nodules on the peritoneal surface in each treatment group. (C) The number of metastatic nodules \>1 mm^3^ in each treatment group. The number of metastatic nodules was significantly lower in the high+LY group. The bars represent the mean ± standard deviation (n=6/group). \*P\<0.05 vs. the control group. Mock, normal nude mice; vector, SGC7901 transfected with control empty vector; high, SGC7901/EGFP-PRL-3 cells; high+LY, plasmid SGC7901/EGFP-PRL-3/LY294002 cells. PRL-3, phosphatase of regenerating liver-3; AKT, RAC serine/threonine-protein kinase; PI3K, phosphatidylinositol 3-kinase.](ol-15-06-9069-g03){#f4-ol-0-0-8467}
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